Architectural designs are not just collections of 3D objects. Architects have both high-level aesthetic design intent, and intent for the functionality of the building; these must eventually translate into realworld construction materials and processes. Physical prototypes are still essential for the architect and their clients to get a feel for whether designs "work". An exciting recent development in architecture is the use of industrial robots to automatically construct 3D prototype architectural models. But programming the robots requires tedious procedures of low-level commands, far removed from the designer's intent.
relevant construction, materials, and cost information. It automatically produces a robot program for constructing the prototype. We present examples detailing the design of various styles of brick walls. Adeon is an interesting example of how to provide an interface for creative work that spans both high-level and low-level concerns.
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Introducing ADEON
In this research, we present ADEON, an architectural design application that interfaces with a digital fabrication device: a "pick and place" articulating robot arm for constructing architectural models, the IRB-140 (Figure 1) . The global objective of ADEON is to bridge the gap between design, construction, and prototype fabrication knowledge. We use a "common sense" knowledge base that contains knowledge at all three levels, and provides automatic integration of relevant knowledge for a particular design.
The goals of ADEON include: a) A simple to use graphical editor for sketching architectural ideas. b) Retrieval and display of design, construction, and prototype fabrication knowledge relevant to the design being drawn. c) Provide cost estimates and material usage estimates for the design drawn in the editor. d) Translate user drawn information in the design editor to machine readable code for the prototype fabrication robot.
Conventional software design tools do not exhibit knowledge of the design situation at hand [6] . The proposed system assists the user based on live textual and graphical feedback about the feasibility of construction and machine fabrication technique.
Adeon is a prototype for our methodology of connecting knowledge across the different levels. It is not, at present, a general-purpose architectural design system. Our goal was to show that we can provide an end-toend system for capturing knowledge at all levels from vague sketches where the concerns are mainly aesthetic, all the way to machine code for programming a robot constructing architectural models (and perhaps in the far future, robots actually performing final construction).
We chose to focus on a particular set of design scenarios, constructing different types of brick walls. Though brick walls are conceptually simple, there many examples of aesthetically innovative and historically important brick wall designs (some of which we will explain in detail). We also chose this domain to simplify the prototype fabrication step (though it still leaves plenty of room for problems to happen!). Expansion to other architectural domains and other fabrication techniques is possible with additional efforts in knowledge collection.
More generally, we think systems like Adeon can show the way towards providing systems that integrate both high-level and low-level concerns, in a variety of fields beyond architecture. Designers of consumer electronics devices such as phones or music players, for example, must think both about the industrial design aesthetics, the functionality, manufacturing, and the cost of devices. We believe that one of the essential elements of creativity is to be able to play with high-level and low-level concerns simultaneously, and flexibly go back and forth between them.
Conventional Methods for Prototype Fabrication
While architects are excited about the prospects of using industrial robots for prototype fabrication, conventional methods of doing so involve many disparate steps in order to complete an end-to-end process from conceptual design to prototype fabrication [4] . Many of these steps must be done manually, repeated for each design iteration or change [5] . Lowlevel knowledge of arcane languages, operations and feature sets is often necessary. They involve several incompatible hardware and software interfaces and data formats. We see developing an end-to-end workflow as an important factor in democratizing access to seamless experimentation for designers.
ADEON's System Architecture
The heart of Adeon's architecture (Figure 2 ) are knowledge bases that encode three types of architectural knowledge.
• Design knowledge. This is very high level knowledge about the aesthetics and design of buildings. The knowledge may reference particular historical or personal examples, or recurring techniques or design elements that serve as inspiration for designs. While this kind of knowledge may at first seem vague and difficult to represent, and far removed from the concrete details of construction, it is very important to collect such knowledge. While not all of it may prove relevant in a given design, we are always looking for opportunities to connect it to the more concrete knowledge.
• Construction knowledge. It is not sufficient to display a finished design; the design must eventually be able to be constructed in the real world. Knowledge of construction techniques, such as materials and cost, keeps designs realistic. As with the design knowledge, establishing the connection between a concrete design and relevant construction knowledge in itself helps the designer.
• Prototype fabrication knowledge. In order to produce the prototype architectural model, knowledge of the robot's operation is necessary. We try as much as possible to abstract away from details irrelevant to the designer's intent.
Our approach to collecting knowledge of all three types is rooted in our work on Commonsense knowledge. By Commonsense knowledge, we mean simple knowledge that is "common" either to everyone, or to a more specialized group (in this case architects). It is that knowledge that usually does not have to be explicitly communicated, because it can be assumed that everyone in the community is likely to have that knowledge already.
Unlike work in Expert Systems, or the Semantic Web, or other knowledge collection efforts, we collect knowledge in the form of natural language statements. There is no requirement to encode the knowledge in a mathematical form, a programming language, or in terms of a precise ontology, making it easy for nontechnical architectural practicioners to provide the knowledge. 
Common Sense Knowledge and ConceptNet
Collecting Specialized Common Sense
OMCS currently does not contain specialized common sense knowledge such as information that architects and experienced digital fabrication machine users may know. The integration of architectural knowledge begins by gathering a corpus of architectural "common sense" that a computer would need to know about designing, constructing, and assembling objects with the IRB-140 (Table 1 ).The three types of knowledge, once inserted into the Open Mind Commons database, form a semantic network from which ConceptNet, can extract the assertions. The semantic network for our case study, illustrates how concepts such as "curved walls" or "IRB-140" form nodes ( figure 5 ) and connect to other nodes via OMCS relations (i.e. CapableOf, HasProperty, and so forth). //how do we collect knowledge
Design Scenarios with ADEON
A user instantiates Adeon through a graphical user interface containing a draw editor for creating brick walls with the option of three different geometrical configurations: vertical, inclined, and curved walls. The three geometric wall selections serve as initial test options for the user to engage with, leaving an opportunity for further types of wall creations containing complex geometry into future versions of Adeon. While the user is drawing/designing a brick wall, the system Adeon, recognizes the type of wall configuration and displays relevant design, construction, machine, and cost information pertinent to the type of wall drawn onto the editor and in turn, transforms that design into readable machine code for digital fabrication. Currently, Adeon interprets user drawing sketches upon the draw window and returns design, construction, and machine data in natural language text. The resulting design from the draw editor translates into machine readable code where the IRB-140 executes the straight wall design as seen in Figure 3 and 4. 
Current Work
To date, we have not conducted a systematic usability study with the Adeon prototype. We realize that, for not-so-well defined problems like architectural design, there are few standardized tasks or objective performance measures. Individual variance in working styles is high. We would like to be able to treat a greater range of design choices and collect a more extensive knowledge base before attempting head-tohead comparisons between Adeon and more traditional sets of architectural design and fabrication tools.
Conclusion
The challenges designers face when using machines occur when tasks are not properly understood by the machine, or when a machine misinterprets a designer's intentions. Machines require the capability to integrate and adapt itself into understanding common design practices; to collaborate as an active agent in various field processes. This research looks to make that possible, offering a contribution on how architects can relate differently with machines and extend to the initial formations for a collaborative approach. Our machines, as Rodney Brooks puts it, present themselves as an external reflection of the biological [3] . If this is true, then our machines as design tools are an extension and expression of that biological nature in ultimate creativity.
